We address here the eects of increasing¯uencies of UV-radiation on stability, modi®cations, activity and HDM2-interactions of endogenous p53 tumor suppressor and on cellular damage response of human diploid ®broblasts. Low amounts of UVB/C-radiation induced a transient cell cycle arrest of the cells which correlated with rapid but transient increase in p53 levels. In contrast, high UV-¯uency caused cell apoptosis and a slower but sustained increase in p53. Regulation of p53 target genes was highly dependent on the radiation dose used. Whereas low doses induced p21/Cip1/Waf1 and HDM2, high doses induced only GADD45 and BAX increasing the BAX:BCL-2 ratio. The levels of HDM2, a negative regulator of p53, increased only by the low dose of UVC and p53-HDM2 association was promoted. In the absence of HDM2-induction after the high dose of UV-radiation p53-HDM2-interaction was promoted, but HDM2 failed to downregulate p53. p53 site-speci®c modi®cations (Ser15, Ser33, Ser37, Lys382) varied kinetically and were dependent on the¯uency of the radiation used. Maximal phosphorylation of p53 on Ser15 and Ser33 correlated with increased levels of HDM2-free p53. The results suggest that regulation of p53 and HDM2 by UV-radiation is highly dosedependent and contributes to the outcome of the cellular response. Oncogene (2001) 20, 6784 ± 6793.
Introduction
p53 gene is the most frequently mutated gene in human cancers. It functions as a sensor for the integrity of the genome (reviewed in Levine, 1997) , and is activated by dierent forms of cellular stress like hypoxia, pHchange and, most importantly, by DNA damage. Its actions are associated with cell cycle arrest, rendering time for damage repair, or with induction of apoptosis to prevent division of the damaged cells. p53 exerts its functions by acting as a transcription factor regulating multiple target genes (reviewed in Levine, 1997 and ElDeiry, 1998) . A comprehensive study into p53 and DNA-damage induced genes identi®ed over 100 target genes (Zhao et al., 2000) , which divide into classes of cell cycle regulating genes (p21/Cip1/Waf1, GADD45, CDK2) and apoptosis associated genes (BAX, BCL-2, FAS/APO-1, KILLER/DR5, PIG-3), but include also a large set of genes associated with cellular signaling and regulation of extracellular matrix and cellular structures (Zhao et al., 2000) . p53 induces transcription of p21/Cip1/Waf1 (El-Deiry et al., 1993) , which arrests cell cycle progression by inhibiting cyclin dependent kinase-complex activities (Harper et al., 1993) . Apoptosis is promoted by p53 by several means such as regulation of Bcl-2 protein family members by induction of pro-apoptotic BAX and repression of BCL-2 (Miyashita et al., 1994) and by induction of GADD45 (growth arrest and DNA-damage inducible gene) (Kastan et al., 1992) , and several PIG's (p53 inducible genes) involved in oxidative stress responses and apoptosis (Polyak et al., 1997) .
p53 is a very short-lived protein, being constantly degraded by the ubiquitin-proteasome pathway (Maki et al., 1996) , in which murine double minute 2 protein (mdm2; HDM2 in human) acts as an E3-ubiquitin ligase (Haupt et al., 1997; Kubbutat et al., 1997; Honda et al., 1997; Honda and Yasuda, 1999) . Mdm2 is also a transcriptional target of p53 Juven et al., 1993) instigating thus an autoregulatory loop for the control of p53 levels. p53 is stabilized in response to cellular stress due to decreased degradation. The stabilization results from inhibition of HDM2-binding, which is regulated at least in part through the N-terminal p53 phosphorylations preventing HDM2-interaction. Phosphorylation of p53 on Ser15, Thr18, Ser20, Ser33 and Ser37 have been suggested to hinder the binding of Mdm2 to p53 (Shieh et al., 1997 (Shieh et al., , 1999 Siliciano et al., 1997; Craig et al., 1999; Unger et al., 1999; Kapoor et al., 2000) , although contrasting reports have also been published (Ashcroft et al., 1999; Dumaz and Meek, 1999) . These sites can be phosphorylated by a number of kinases including PI3-kinase family members (DNA-PK, ATM and ATR), JNK and p38 kinases (reviewed in Meek, 1999) . Phosphorylation of p53 N-terminal residues also permits the interaction of p53 with histone acetyltransferases CBP/p300 and PCAF, which leads to acetylation of the p53 C-terminus (Sakaguchi et al., 1998) . This is followed by an increase in p53 sequencespeci®c DNA-binding activity and stability possibly due to conformational changes (Gu and Roeder, 1997; Lambert et al., 1998; Sakaguchi et al., 1998) or decreased p53 ubiquitinylation (Rodriquez et al., 2000) .
UVC-radiation induces DNA damage by causing cyclobutane pyrimidine dimers and 6-4 photoproducts. Oxidative stress, lipid peroxidation and protein damage become increasingly important at longer UV wavelengths (reviewed in Tyrrell, 1994) . At low UV-¯uency cell cycle arrest ensues, which occurs through downregulation of Cdc25A (Mailand et al., 2000) leading to inhibition of Cdk2 activity and G 1 /S phase arrest. The arrest can be maintained by p53-dependent induction of p21
Cip1/Waf1 (El-Deiry et al., 1993) . p53 UV-responses have often been studied in transformed or tumor derived cell lines harboring abnormally regulated cell cycle or utilizing over-expression models. In addition, several studies have used UVC-radiation, which is largely retained in the higher atmosphere. A problem has been that the types and amounts of radiation have been dicult to compare or that only a subset of factors aecting p53 responses have been studied. Therefore we undertook a comprehensive study to address the response of endogenous p53 in diploid human ®broblasts to both UVC-and the physiologically more relevant UVB-radiation. We show here that the cellular responses, i.e. cell cycle arrest and apoptosis, and p53 response (stabilization, N-and Cterminal modi®cations, target gene inductions, regulation of p53-HDM2 interaction) are dependent on the dose of UV-radiation in¯icted and are largely aected through dierential regulation of HDM2.
Results

UV-radiation elicits different dose-dependent cellular responses
The cellular response of human diploid ®broblasts to low and high doses of UVB-or UVC-radiation were compared. Doses of UVC were chosen on the basis of previous reports (Perry et al., 1993; Wu and Levine, 1997; Reinke and Lozano, 1997; McKay et al., 1998; HaapajaÈ rvi et al., 1999) , and energy resulting in similar cellular response based on morphology of the cells and preliminary experiments were selected for UVB (data not shown). The eect of UV-radiation on cell cycle and apoptosis was studied by DNA replication assays based on 5-BrdU incorporation and by¯ow cytometry. Figure 1a shows that low doses of UV-radiation (750 J/m 2 UVB or 10 J/m 2 UVC) result in a transient decrease in DNA-replication activity, whereas high doses of UV-radiation (3500 J/m 2 UVB or 50 J/m 2 UVC) induce a permanent cessation of DNA replication. Flow cytometric analyses showed that high doses of both UVB-and UVC-radiation led to appearance of sub-G 0 cells within 12 h (Figure 1b, (Figure 2a , lanes 5 and 9), whereas no eect was seen in cells treated with a low dose of UVB ( Figure 2a, lane 3) . However, cleavage of PARP was detected in cells treated with a low dose of UVC ( Figure 2a, lane 7) , correlating to the presence of 10% apoptotic cells (Figure 1c) . The results show that high doses of UV-radiation induce apoptosis whereas low doses cause mostly a transient replicative arrest. p53 accumulates in response to UV-radiation due to protein stabilization (Maltzman and Czyzyk, 1984) . Accumulation of p53 in response to varying doses of UVB and UVC was compared by immunoblotting and was found to be dependent on both time and dose of UV-radiation used. Low doses of either UVB-or UVC-radiation led to a relatively fast accumulation of p53 within 6 h, and to a decline by 24 h (Figure 2a) . Instead, high doses of radiation induced a much slower p53 accumulation (Figure 2a ). p53 target gene p21
, a cell cycle inhibitor, was induced by a low dose of UV-radiation, but the induction was absent after a high dose of UVC-radiation (Figure 2a) .
Chk1 kinase and Cdc25A phosphatase have recently been identi®ed as p53 independent primary mediators of UVC-radiation induced cell cycle arrest (Mailand et al., 2000) . The responses of Chk1 and Cdc25A to apoptosis or cell cycle arrest-inducing doses of UVradiation were analysed by immunoblotting. Chk1 kinase was activated in response to both low and high doses of UVB-and UVC-radiation as demonstrated by a slight band shift by 1 and 6 h ( Figure 2a,b) , followed by restitution to basal levels by 24 h. Additionally, Chk1 was downregulated by treatment with high doses of UVB-or UVC-radiation at late timepoints ( Figure  2a , lanes 5 and 9; 2b, lane 7). Cdc25A, a substrate of Chk1 kinase, is downregulated by inhibitory phosphorylation as an immediate response to UV-radiation (Mailand et al., 2000) . Cdc25A was downregulated prominently in response to both high and low doses of UVC, but to a lesser degree in response to UVBradiation ( Figure 2a , compare lanes 4 and 5 to 8 and 9). The downregulation was observed already by 1 h after a high dose of UVC, whereas the decrease was clearly slower using a low dose of radiation ( Figure  2b ). However, Cdc25A protein expression was recovered by 24 h in cells treated with either high or low doses of radiation (Figure 2a, b) .
p53 target genes are differentially induced by UV-radiation
To study the relevance of the p53 response to dierent doses of UV-radiation we performed Northern analysis of several p53 target genes. A low dose of UVCradiation (10 J/m 2 ) led to a rapid induction of p21/ Oncogene Dose-dependent p53 UV-responses L Latonen et al Cip1/Waf1, while HDM2 was induced with slower kinetics. GADD45 was induced rapidly within 6 h after the low dose of UV-radiation but declined already by 16 h (Figure 3a ,b). BCL-2 increased very slightly after a low dose of UVC, whereas BAX was not aected (Figure 3a ,b). The corresponding target gene regulation in response to a high dose of UVC-radiation (50 J/m 2 ) was signi®cantly dierent. Inductions of p21/Cip1/ Waf1, HDM2 and BCL-2 mRNA were absent or attenuated, whereas BAX and GADD45 underwent 4 ± 7-fold sustained inductions (Figure 3a ,b). These results indicate that in UV-damaged cells p53 target genes are regulated dose-dependently, and that primarily cell cycle arrest genes are induced after a low dose of UVradiation whereas apoptosis promoting genes are induced after the high dose. The latter is substantiated by the increase in BAX:BCL-2 ratio (Figure 3b ). . We therefore analysed modi®cations of endogenous p53 to compare these to p53 target gene regulation and to the cellular response by using modi®cation speci®c p53 antibodies. p53 was phosphorylated on Ser15, Ser33 and Ser37 using UVC doses from 10 to 50 J/m 2 ( Figure 4a , lanes 3 ± 5). Quantitation of the signals and normalization against the total p53 levels showed that maximal phosphorylation on each site was highly dependent on the dose of radiation used. Ser33 and Ser37 were maximally phosphorylated by low doses of UVC radiation (10 J/ m . We wanted, however, to determine and compare the kinetics of induction of total p53 and p53 modi®cations in response to low and high doses of UV-radiation. p53 accumulation was signi®cantly faster by using a low rather than a high dose of UVC-radiation (10 and 50 J/m 2 , respectively). After the low dose p53 levels increased at 6 h and declined by 24 h, whereas with the high dose high levels of p53 were maintained even up to 24 h (Figure 5a,b) . Normalization of the phosphorylated forms of p53 against the total p53 showed signi®cant site, kinetics and UV-dose-dependent¯uctua-tions (Figure 5c ). After a low dose of UVC, Ser15 and Ser 33 phosphorylations were maximal at 12 h followed by a decline. Whereas phosphorylation on Ser33 was again increased at 24 h, Ser15 was not (Figure 5c ). Ser37, instead, was maximally phosphorylated already at 6 h, followed by a decline and a subsequent increase at 24 h. In cells treated with a high dose of UVC-radiation these phosphorylation events were dierent. Ser15 was highly phosphorylated at all timepoints, except at 12 h after the radiation at which timepoint a decrease in Ser33 was also observed (Figure 5c ). Ser37 was heavily phosphorylated only very late after the high dose of radiation (Figure 5c ). Lys382 acetylation was relatively slow peaking at 18 ± 24 h after both doses, but was markedly more pronounced after the high dose of UVC (Figure 5a,c) . The slower kinetics of the C-terminal acetylation is possibly due to its dependence of the preceding Nterminal phosphorylations as suggested earlier (Sakaguchi et al., 1998).
p53 interaction with HDM2 after UV-radiation p53 is negatively regulated by HDM2 through HDM2 initiated degradation of p53 (Haupt et al., 1997; Kubbutat et al., 1997) . To determine the reciprocal regulation of HDM2 and p53 we performed immunoblotting and immunoprecipitation experiments in UVradiated cells. Western blotting of total cell lysates showed that HDM2 was induced 6 h after a low dose of UVC with peak induction at 16 ± 32 h (Figure 6a,d) . However, there was no change in HDM2 levels after the high dose of UV-radiation during a 48 h follow-up (Figure 6a,d) , correlating with the Northern result in Figure 3 . p53 was similarly induced at 6 h after the low dose radiation, with levels peaking at 16 h and declining thereafter (Figure 6a,d) . Again, p53 levels increased slower (induction at 16 h) with the high dose of radiation and sustained high up to 48 h ( Figure  6a,d) .
Immunoprecipitation with an anti-HDM2 antibody and immunoblotting for p53 showed that the amount of HDM2-bound p53 was increased at 6 ± 24 h after a low dose of UVC-radiation simultaneously to inductions of HDM2 and p53 (Figure 6b) . Quantitation of the ratio of HDM2-associated p53 against the total levels of either p53 or HDM2 at dierent timepoints showed that these did not change, indicating that the interaction highly correlated to the amount of the individual proteins (Figure 6e ). However, blotting for the fraction of p53 free of HDM2 interaction in the HDM2-depleted lysates (Figure 6c ), and quantitations of the ratio of HDM2 free/bound p53, showed that the largest fraction of p53 free of HDM2 was present 16 h after the treatment of the cells with the low UVC-dose (Figure 6f) . Unexpectedly, after a high dose of UVC, signi®cantly more p53 was found bound to HDM2 at 16 ± 48 h after the treatment though the HDM2 levels were stable (Figure 6b,e) . This suggests that an increase in the availability of p53 may promote its interaction to HDM2 or alternatively, this is contributed by changes in HDM2 anity towards p53. Quantitation of the ratio of HDM2 free/bound p53 showed that during the ®rst 24 h after the treatment, p53 is eectively bound to HDM2 correlating to the slower phosphorylation of the several N-terminal sites ( Figure  6f ). Thus endogenous HDM2 levels may sequester p53 and blunt the p53 response in cells after the high dose of UVC-damage. At later timepoints, p53 levels continue to rise (up to 20-fold over control), and though still bound to HDM2, a large excess of p53 is probably present and HDM2-mediated downregulation is not sucient to decrease p53 levels.
Discussion
Previous studies have shown that low¯uencies of UVradiation induce cell cycle arrest whereas high doses induce cell death, and that these events involve p53 stabilization and speci®c activation of p53 target genes (Lu et al., 1996; Reinke and Lozano, 1997; Barley et (Kapoor et al., 2000; Oda et al., 2000) . As p53 regulation is complex and models and doses of UV-radiation used in these studies vary, the results have been hard to reconcile. To compare and to extend the previous knowledge of UV-responses we undertook a comprehensive study on the dose-dependent eects of UV-radiation, including the more physiologically relevant UVB, on the crucial parameters in the p53 response and the cellular outcome. p53 levels were found to be dependent on both dose and time of the UV-¯uency and wavelengths used. Speci®c regulation of p53 modi®cations, its target gene inductions and HDM2 interaction contribute to the p53 UV-radiation responses and aect the cellular outcome.
We found that low doses of UV-radiation induced a rapid p53 accumulation followed by a decrease which correlated with a transient cell cycle withdrawal and presumably also DNA repair. On the other hand, high and sustained levels of p53 were observed after a high dose of UV-radiation in cells undergoing apoptosis. p21/Cip1/Waf1 was rapidly induced by low doses of UV-radiation but the induction was absent after high uency, and p21 Cip1/Waf1 protein levels remained low. Similar eects of UV-radiation on cellular outcome and p21
Cip1/Waf1 regulation have been published previously (Lu et al., 1996; Reinke and Lozano, 1997; Barley et al., 1998; Chang et al., 1999) . The exact factors required for cell cycle arrest is however more ambiguous. An immediate cell cycle arrest after UV- radiation can be induced by Chk1-mediated p53-independent downregulation of Cdc25A (Mailand et al., 2000) . Here we ®nd that Chk1 and Cdc25A are regulated at both doses which induce cell cycle arrest and apoptosis. The kinetics and degree of Chk1 and Cdc25A responses depended on the amount of DNA damage in¯icted on the cells, as faster and more ecient degradation of Cdc25A was induced by high UV-radiation¯uency than by low. Interestingly, the levels of Cdc25A were recovered both in cells which reentered the cycle and in cells which underwent apoptosis. The regulation of BAX and GADD45 was opposite to that of p21/Cip1/Waf. In response to a low level of DNA damage, induction of BAX was absent, and GADD45 was induced only transiently. The transient induction of GADD45 correlated well with the transient DNA replication block of the cells. However, in response to a high dose of UV-radiation both GADD45 and BAX underwent rapid and sustained inductions. The rapid and high level induction of BAX altered the BAX:BCL-2 ratio after the high dose of UV-radiation promoting thus apoptosis. These results suggest that p53 transactivates its target genes dierentially in a DNA damage-dependent manner. However, though these are known p53 target genes, we cannot exclude that some of the regulation also takes place independently of p53 (Loignon et al., 1997; HaapajaÈ rvi et al., 1999) .
The interaction between p53 and HDM2 is predicted to lead to a decrease in p53 by HDM2-mediated ubiquitinylation and degradation of p53 by the proteasome (Haupt et al., 1997; Kubbutat et al., 1997) . We found that HDM2 mRNA and protein were highly upregulated in response to a low UV-radiation dose, but was delayed as compared to induction of p21/Cip1/Waf1 in accordance with earlier reports (Wu and Levine, 1997; Saucedo et al., 1998) . Simultaneous induction in p53 levels led to increased association of HDM2 to p53 which was in direct correlation to the amount of the respective proteins. However, p53 free of HDM2 interaction was found peaking at 16 h after a low dose of UV-radiation, suggesting that at this time it is more available to perform its transactivation functions. In contrast, in response to a high level of DNA damage, HDM2 induction was absent and HDM2 levels were unchanged. In spite of this, p53-HDM2 interaction was promoted in correlation with the total p53 highly elevated in the cells. The increase in the interaction of p53 and HDM2 may be due to a change either in anity or availability (e.g. localization, protein modi®cations) of the proteins. The high ratio of HDM2-bound p53 to total HDM2 after the high dose of radiation may also be indicative that in untreated cells there is an excess of HDM2 over p53 and that an increase in p53 in the radiated cells allows its binding to the existing pool of HDM2.
We ®nd here that p53 phosphorylation and acetylation in response to both UVB-and UVC-radiation were comparable but took place in a time-and dosedependent manner. Maximal phosphorylations on Ser33 and Ser37 were found with lower doses of UVradiation, whereas Ser15 and acetylation on Lys382 were maximal with very high doses. There were also remarkable dose-dependent¯uctuations in the kinetics of maximal phosphorylation. At low UV-¯uency, Ser33 and Ser37 phosphorylations, as normalized against total p53, were biphasic, whereas maximal Ser15 phosphorylation was transient. At high UV-¯uency, maximal Ser15 and Ser33 phosphorylations were biphasic, and the eects on Ser37 and Lys382 were maximal very late after the DNA damage. The site-, dose-, and time-dependent modi®cations suggest that only a subset of p53 molecules are modi®ed at a speci®c time, and in individual combinations. Thē uctuations in the modi®cation responses may re¯ect speci®c activation of the kinases and acetylases acting on each site and also subsequent activation and dephosphorylation by phosphatases. Also, rapid¯uc-tuations in p53 levels early after the damage (Lev BarOr et al., 2000) , also observed in our study (not shown), may create an imbalance between the signals that govern the phosphorylations.
The eect of the N-terminal phosphorylations may be dual. First it is likely to aect the p53-HDM2 interaction (Shieh et al., 1997 (Shieh et al., , 1999 Siliciano et al., 1997; Craig et al., 1999; Unger et al., 1999; Kapoor et al., 2000) . Here we ®nd that after the low UV-dose, p53 is highly phosphorylated on Ser15 and Ser33, and is followed by an increase in HDM2-free p53. In contrast, after the high UV-dose, stabilization and most of the phosphorylation responses of p53 are delayed. This is correlated to the fact that at early timepoints after the high dose radiation relatively more p53 is bound to HDM2 whereas at later timepoints p53 is modi®ed with lesser binding to HDM2 followed by a subsequent increase in p53. Secondly, since the Nterminal phosphorylation sites on p53 locate to the transactivation domain, they may have an impact on p53 transactivation function. For example, the necessity of phosphorylation of murine Ser18 (corresponding to Ser15 in hp53) for p53 UV-responses (p53 stabilization and p21
Cip1/Waf1 induction) was recently demonstrated (Chao et al., 2000) as well as the necessity of Ser15 phosphorylation to p53 transactivation activity (Dumaz and Meek, 1999) . Speci®c p53 phosphorylation responses correlate to induction of certain target genes such as phosphorylation of Ser46 which leads to induction of apoptosis by AIF1 through p53-mediated induction (Oda et al., 2000) . Acetylation of Lys382, instead, re¯ects increased sequence-speci®c DNA-binding ability of p53 (Gu and Roeder, 1997) , and was found maximal after high doses of UVradiation preceding induction of apoptosis. This suggests a function for the C-terminal acetylation in the p53 apoptotic response. However, there is also critical evidence suggesting that phosphorylation of various N-or C-terminal sites has very little impact on p53 expression levels or on mdm2 interaction (Ashcroft et al., 1999) or stabilization of p53 in response to UV (Blattner et al., 1999) .
The results presented here suggest that p53 target gene regulation in response to varying degrees of DNA damage is highly selective. This may result either from dierent modi®cations or structural properties of p53 aecting its DNA-binding and transactivation properties (reviewed in Meek, 1999) , its modulation by chromatin modeling enzymes (Thomas and White, 1998) or other transcription factors (Wang et al., 1995) , or repair-associated events preventing transcription of unrepaired genes . Our results support the concept that selective regulation of HDM2 is a highly speci®c predictor for the cellular outcome of the cells in response to DNA damage, where the absence of HDM2 apparently serves as a strong signal towards induction of apoptosis through unrestricted action of p53.
Materials and methods
Cell lines and UV-treatment
WS1 human skin ®broblasts (CRL-1502, American Type Culture Collection, Manassas, VA, USA) were maintained in DMEM supplemented with 10% fetal calf serum (FCS; Gibco-BRL, Rockville, MD, USA) and non-essential amino acids (Gibco-BRL), and HEL299 human lung ®broblasts (CCL-137, ATCC) in DMEM supplemented with 10% FCS in a humidi®ed atmosphere containing 5% CO 2 at +378C. UV-treatment of cells was carried out with Stratalinker 2400 (Stratagene, La Jolla, CA, USA) with bulbs emitting either UVC (254 nm) or UVB (312 nm).
Immunoprecipitation
For immunoprecipitation, cells were lysed in a buer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% NP-40, 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl¯uoride (PMSF), 1 mM dithiothreitol (DTT), 0.1 mg/ml E64, 0.1 mg/ml leupeptin and 0.1 mg/ml soybean trypsin inhibitor (SBTI). Protein concentrations were determined by Bio-Rad D C protein assay (Bio-Rad, Hercules, CA, USA). Lysates (0.5 mg) were immunoprecipitated with 0.5 mg monoclonal antibody IF2 (Oncogene Research Products). Immunocomplexes were collected on GammaBind-G Sepharose (Pharmacia Biotech, Uppsala, Sweden).
Immunoblotting
Nuclear extracts and cell lysates were prepared as previously described (Andrews and Faller, 1991; HaapajaÈ rvi et al., 1997) . Nuclear extracts (10 ± 15 mg per lane), cellular lysates (30 ± 40 mg per lane) and immunocomplexes were separated by 7.5, 9 or 12.5% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS ± PAGE) followed by transfer of proteins to Immobilon P-membrane (Millipore, Bedford, MA, USA). Immunoblotting was carried out using antibodies DO-1 or FL-393 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) against p53, a-mdm2 against HDM2 [a cocktail of antibodies SMP-14 (Santa Cruz Biotech.), 2A10 (Chen et al., 1993) and IF2], PC-10 (Santa Cruz Biotech.) against PCNA, 6B6 (Pharmingen) against p21
Cip1/Waf1 , C2-10 (Transduction Laboratories) against PARP, and phosphospeci®c Ser15, Ser33 and Ser37 and acetylation speci®c Lys382 polyclonal antibodies against p53 (Shieh et al., 1997 (Shieh et al., , 2000 followed by horseradish peroxidase-conjugated secondary antibodies and detection with enhanced chemiluminescence (ECL, Amersham Life Sciences). Recognition of phosphospeci®c antibodies of non-phosphorylated p53 was ruled out by control phosphatase treatment experiments (data not shown). Equal protein loading was con®rmed by blotting against PCNA or alternatively, by the presence of non-speci®c background bands. ECL-signals were quantitated by Multi-Analyst vs 1.0.1 (Bio-Rad) with background subtraction.
Northern analysis
Poly(A)
+ mRNA was isolated from the cells using oligo(dT) cellulose (Calbiochem) and separated in 1% agarose gels containing formaldehyde. Transfer to nylon membrane (Hybond-N+; Amersham) was performed in alkaline transfer buer (3 M NaCl, 8 mM NaOH) as previously described (Chomczynski, 1992) . RNA was detected by probing with the indicated cDNA insert labeled with a-32 P-dCTP by random priming (Ready-To-Go; Pharmacia). Autoradiograms were quantitated by Fuji®lm BAS-2500 Image Analyzer and MacBAS 2.5 program. mRNA levels were normalized to the level of GAPDH, and fold inductions were calculated by comparing signals of UV-treated samples to the untreated control cells.
Flow cytometric analysis
Samples containing both adherent and¯oating cells were ®xed in MeOH and treated with RNase A (Sigma) followed by propidium iodide staining. Acquisition of events was carried out with FACSCalibur¯ow cytometer and CellQuest program (Becton Dickinson, Franklin Lakes, NJ, USA) and DNA analysis was performed by ModFit LT vs 3.0 (Verity Ltd).
5-BrdU incorporation assay
Cells were incubated in the presence of 50 mM 5-BrdU for 1 h followed by ®xing of the cells with 3.5% paraformaldehyde. Immunostaining was performed with anti-5-BrdU-antibody (Amersham) and rhodamine-conjugated secondary antibody (DAKO). The amount of immunopositive cells was compared to the total amount of nuclei detected by Hoechst staining in the same ®eld.
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